Abstract. Hydrogen storage potential of two sets of lithium containing systems, viz., Li-doped borazine derivatives and various bondstretch isomers of Li 3 Al 4
Introduction
Hydrogen, the third most abundant element on earth has been considered to be an ideal alternative energy carrier for its renewability and non-polluting nature [1, 2] . Unlike petroleum, hydrogen can be easily generated from renewable energy resources which further eliminate the production of oxides of nitrogen and sulfur, green-house gases like carbon dioxide and methane as by-products thereby eradicating further scopes of environmental pollution. The criteria of an ideal hydrogen storage material are (i) high volumetric and gravimetric densities, (ii) fast kinetics for adsorption and desorption at ambient conditions, (iii) favorable enthalpies and dissociative chemisorption energy for hydrogen adsorption and desorption, (iv) recyclability and (v) cost effectiveness of material [3, 4] . To achieve reversible hydrogen adsorption and desorption at near ambient condition, the hydrogen binding energy should be somewhat intermediate between that of physisorption and chemisorption [5] . But the storage of gaseous hydrogen in a practical sense creates difficulties as the materials that can trap hydrogen do not meet all the requirements to achieve the targets of a gravimetric density of 6.0% in 2010 and 9.0% in 2015 and volumetric capacity of 45 gL -1 in 2010 and 81gL -1 in 2015 set by the Department of Energy (DOE) [6] . Therefore searching new material for hydrogen storage is an important and active area of research.
In recent years hydrogen adsorption has been tested in large number of materials such as carbon, boron based nanomaterials [7] [8] [9] [10] [11] [12] , alanates [13, 14] , clathrates [15] [16] [17] [18] , borates [19] , zeolites [20] , metalhydrides [21, 22] , metal-organic frameworks (MOFs) [23] [24] [25] , covalent-organic frameworks (COFs) [26, 27] , zeolitic-imidazole frameworks (ZIFs) [28] [29] [30] , porous silica etc. [31] . Though the MOFs and COFs are having high surface area, the hydrogen binding energy is very poor.
The hydrogen binding energy can be improved by decorating organic linker with metal atoms / ions like lithium, where the metal atom gets partially charged and binds molecular hydrogen strongly [32] [33] [34] [35] . In this work an attempt has been made to study the binding of hydrogen with a host of lithium substituted borazine derivative (B 3 Li 4 + systems via an F -and that has also been found to be a potential hydrogen trapping substance. Here an investigation has also been made to examine the hydrogen storage capacity of different geometrical isomers of Li 3 Al 4 -clusters. In this regard, seven pairs of possible bond-stretch isomers of Li 3 Al 4 -clusters [36] have been analyzed. The occurrence of bond-stretch isomerism is now experimentally established via X-ray crystal structure determination. These are also called distortion isomers. The term "distortional isomerism" was first proposed by Chatt and Manojlovic-Muir in 1971 to characterize metallic complexes that differ only by the length of one or several bonds. Later they have been termed as bond-stretch isomers [37] [38] [39] [40] . In Li 3 Al 4 Moreover, there exists a possibility [42] of ''bond-stretch isomerism'' in these systems depending on which particular local minima (and/or the global minimum) it is stuck in. In this work, the bonding, aromaticity, and various isomeric local minimum structures of Li 3 Al 4 -cluster and the possibility of bond-stretch isomerism and their associated aromaticity have been studied.
Structure, stability and reactivity of these systems with or without H 2 trapping have been studied using conceptual density functional theory (CDFT) [43] [44] [45] [46] based reactivity descriptors like electronegativity [47, 48] (χ), hardness [49] [50] [51] (η), electrophilicity [52] [53] [54] (ω) and the local variants like atomic charges [55] (Q k ). The stability of the resulting hydrogen-bound complexes may be understood from the corresponding interaction energies (∆E) and reaction electrophilicities (∆ω) of plausible trapping reactions. The exothermicity of these given reactions towards formation of the stable H 2 -trapped analogues can be justified from the negative reaction enthalpy (∆H) values. Further, for most of the hydrogen bound clusters, hydrogen prefers mostly to coordinate with the alkali metal center (Li) in its molecular (dihydrogen) form. Molecular hydrogen does not have a dipole moment, but it has a strong quadrupole moment and polarizability. Hence, a charged site can bind with the molecular hydrogen through the dipole-quadrupole and dipole-induced dipole types of interactions.
Theoretical Background
In general, thermodynamic stability of a molecular system can be meaningfully predicted by the establishment of some associated molecular electronic structure principles like the Maximum Hardness Principle [56-58] (MHP) together with the Minimum Polarizability Principle [59, 60] (MPP) and Minimum Electrophilicity Principle [61, 62] 
(MEP).
For an N-electron system having total energy E, the electronegativity [47, 48] (c) and hardness [49] [50] [51] (η) can be defined as follow
where v(r) and m are external and chemical potentials respectively. Electrophilicity [52] [53] [54] (w) is defined as 
Applying the finite difference approximations to equations 1 and 2, c and η can be expressed as
and
where I and A are the ionization potential and electron affinity of the system, respectively. Further, according to the Koopmans' theorem [63] the ionization potential (I) and electron affinity (A) of a molecular system can be expressed in terms of the energies of the frontier molecular orbitals (FMOs) as:
It may be noted that Koopmans' theorem [63] is strictly valid within the Hartree-Fock theory. In Kohn-Sham calculations one may use Janak's theorem [64] .
According to ΔSCF method, the ionization potential (I) and electron affinity (A) of the system respectively are computed in terms of the energies of the N and N ± 1 electron systems. For an N-electron system with energy E(N), they may be expressed as follows:
Computational Details
The geometry optimization and subsequent frequency calculation of all borazine derivatives and their corresponding hydrogen-trapped analogues have been carried out at the B3LYP level of theory using 6-311+G(d) basis set whereas in case of all bond stretch isomers of Li 3 Al 4 -, both B3LYP/6-311+G(d) and MP2/6-31+G(d) levels of calculations have been performed with the aid of the GAUSSIAN 03 program package [65] . For the hydrogen trapped analogues, at first free optimizations followed by frequency calculations have been carried out. There very often exist several soft modes of imaginary frequencies for the hydrogen trapped case. Then the minima (NIMAG = 0) on the potential surface have been attained by following those modes corresponding to imaginary frequencies. There also exist several possible local minimum structures for these species. The vertical electron detachment energies of Li 3 Al 4 -isomers have been carried out by using Koopmans' theorem [63] at HF level and ΔSCF technique at MP2, B3LYP and CCSD levels of theory. Outer valence Green's functional has also been used to determine vertical electron detachment energy. The ionization potential (I) and electron affinity (A) values have been calculated using ΔSCF technique at the MP2 level whereas Koopmans' theorem [63] has been followed in case of B3LYP calculation. A Mulliken population analysis (MPA) scheme has been adopted to calculate the atomic charges (Q k ) [55] . The NICS(0) and NICS(1) [66] values have been calculated. The frontier molecular orbital pictures have been obtained through the GAUSSVIEW 03 package [65] .
To calculate interaction energy per H 2 molecule and desorption energy per H 2 molecule the following expressions have been used. (10) where S is the hydrogen-trapped systems.
A different definition of ∆E DE in terms of the desorption of H atoms has been used elsewhere [67] .
Results and Discussion

Li-doped Borazine Derivatives
The optimized structures at B3LYP level of theory using 6-311+G (d) Figure  1 . These structures correspond to minima on the potential energy surface at the used level of theory. The interaction energy (∆E), change in free energy (∆G) and enthalpy (∆H) of Li + doping processes on B 3 N 3 F 3 Li 3 and bridging of B 3 N 3 F 3 Li 4 + by an F -have been given in Table S1 (as supporting information). Negative interaction energies show the stability of the complexes towards dissociation which is needed for a recyclable hydrogen storage material whereas spontaneity and exothermicity of the doping and bridging processes are indicated by large Li 3 system, it has been found that the interaction energy per hydrogen molecule is quite low. First three hydrogen molecules have been adsorbed with an interaction energy of -1.8 kcal/mole per H 2 molecule, whereas for 6H 2 and 9H 2 trapped analogues, the hydrogen molecules have been found to get adsorbed with an interaction energy of -1.4 and -1.1 kcal/mole per H 2 molecule respectively. Again for this system, reaction enthalpies for the several hydrogen binding processes are quite less negative and finally become positive for adsorption of the last three hydrogen molecules. Upon Li + doping on B 3 N 3 F 3 Li 3 system, it has been found that interaction energies Li 5 2+ gets some considerable degree of aromaticity. It has also been shown that for all the systems the variations of both NICS(0) and NICS(1) are quite small with gradual H 2 trapping. The important frontier molecular orbitals (HOMO and LUMO) of the considered systems and their H 2 trapped analogues have been given in Figure S9 ( 
Li 3 Al 4 -Isomers
Here seven geometrical isomers of Li 3 Al 4 -namely Fork, Hood, Cs , C 1 , Rabbit C 2v , Rabbit C s , Scooter C 1 and their singlet as well as triplet state geometries (seven bond-stretch isomeric pairs) have also been studied. Figure 2 depicts the optimized geometries and the frontier molecular orbital pictures of Li 3 Al 4 -isomers and their corresponding highest hydrogen trapped analogues. NICS(0) values of the isomeric clusters and their corresponding highest hydrogen-trapped analogues have also been provided in Figure 2 . The NICS(0) values reveal that triplet analogues are strongly aromatic whereas the singlet components are reasonably aromatic in the respective bond-stretch isomeric pairs. Again an increase of aromaticity upon H 2 trapping also dictates the stability of the hydrogenbound systems with respect to the unbound systems. There is a reversal of the molecular electronic configurations viz., in one case the HOMO is of π-type and the LUMO is of σ-type which gets reversed for the other isomer. Frontier orbitals for pair of bond stretch isomers corresponding to Rabbit isomers (C 2v and C s ) and C 1 and C s isomers remain same. The HOMO and LUMO pictures of the systems show the same symmetry in both H 2 -bound and free Li 3 Al 4 -cluster, as expected when the hydrogens retain their molecular nature. In these systems, trapping of the hydrogen in molecular form is in between physisorption and chemisorption which is the requirement for a good hydrogen storage material. The optimized geometries of the hydrogen trapped analogues of scooter Li 3 Al 4 -isomer have been given in Figure S1 . The vertical electron detachment energies of Li 3 Al 4 -isomers at various levels of theory have been provided in Table 2 . Positive values of vertical electron detachment energies of Li 3 Al 4 -isomers at all the studied levels of theory imply its gas phase stability with respect to spontaneous emission of electron. Total energies, electronegativity, hardness and electrophilicity of Li 3 Al 4 -bond-stretch isomeric pairs (of singlet and triplet spin multiplicities), calculated at B3LYP and MP2 levels of theory have been reported in Table S3 (supporting information) and Table 3 respectively. A comparison of the potency of the various bond-stretch isomeric (Fork, Hood, Cs, C 1, Rabbit C 2v , Rabbit C s , Scooter C 1 ) Li 3 Al 4 -clusters (in both singlet and triplet states) towards binding molecular hydrogen has been made at two different (B3LYP and MP2) levels of theory. The important global reactivity descriptors like electronegativity (c), hardness (η) and electrophilicity (w) and reaction electrophilicity (Δw) for all interacting isomeric clusters, have been provided in Tables S4a-S10a (supporting information). The negative c values imply that these systems do not want to accept further electrons. In presence of counter-ions c values become positive [68] . The η values have been found to correlate nicely with that of w as relevant from Tables S4a-S10a (supporting information) and the corresponding Figures  S2-S8 (supporting information) . The hardness (η) increases uniformly with a more or less decrease in the electrophilicity (w) values thereby corroborating the associated principles of maximum hardness and minimum electrophilicity which justify further stability of the clusters upon hydrogen trapping. The interaction energy per hydrogen molecule (ΔE), reaction enthalpy (ΔH), and sequential desorption energy per H 2 molecule (ΔE DE ) calculated in B3LYP level of theory for all the isomeric clusters of Li 3 Al 4 -have been given in Tables S4b-S10b (supporting information) whereas the interaction energy per hydrogen molecule (ΔE) and sequential desorption energy per H 2 molecule (ΔE DE ) calculated in MP2 level of theory have been provided in Tables 4 and 5 for Rabbit C s and C 1 isomeric clusters respectively. A scrutiny of Tables 4 and 5 shows that all the interaction energy terms are negative and the sequential Tables S4c-S8c  (supporting information) . A quick look at Tables S4b-S10b (supporting information) and S4c-S8c (supporting information) for some plausible trapping reactions conceived between the Li 3 Al 4 -isomeric clusters and hydrogen molecules reveals that for all the reactions, the corresponding interaction energies (∆E) and reaction electrophilicities (∆w) are negative. The situation becomes even more enthusing when the associated reaction enthalpy values also turn negative which eventually lends ample justification towards thermodynamic exothermicity for all the given trapping reactions and thereby rendering stability to the resultant H 2 -trapped complexes. The thermodynamic exothermicity accompanied by favorable interaction energy per hydrogen molecule for the given hydrogen binding reactions computed at the B3LYP level of theory therefore lends ample support towards the plausible usage of the Li 3 Al 4 -cluster as effective hydrogen storage material. Again the favorable reaction electrophilicity (∆w) values give support towards governing the feasibility of the given trapping reactions. The variation of Mulliken atomic charges on the Li centers of Rabbit-C s with gradual hydrogen trapping has been provided in Table 6 and for the other isomeric clusters the same has been given in Tables S4d-S9d. The variations of charges of the Li centers upon hydrogen loading suggest that charge transfer takes place between Li centers and hydrogen molecule. Both cationic and anionic clusters need suitable counter-ions for stabilization vis-à-vis Coulomb instability [69] . Li 4 + systems via an F -and it has also been found to be a good hydrogen storage substance. The variation of different global reactivity descriptors as a function of the gradual hydrogen loading suggests the stability of the hydrogen bound systems. Here an investigation has also been made to examine the hydrogen storage capacity of different geometrical isomers -clusters) in singlet and triplet states have been observed. Associated vertical detachment energies highlight their stability related to electron detachment. The nucleus independent chemical shift values suggest that all these systems are aromatic. In most cases for each pair of isomers, the frontier molecular orbital configurations are of opposite types. It may be looked into in the light of the test prescribed by Zubarev and Boldyrev [70] . The interaction energy per hydrogen molecule (∆E), hardness (η) and electrophilicity (ω) of the poly-hydrogen bound Li 3 Al 4 -cluster suggest a gradual increment in stability upon trapping. The NICS (0) values for respective rings of the free as well as hydrogen-trapped systems are negative. Thus, the presence of an "all-metal aromaticity" in the different rings has been verified. These Li 3 Al 4 -isomeric clusters can be fruitfully applied as trapping materials for molecular hydrogen. One can remove the Coulomb instability and stabilize these ionic clusters in presence of some suitable counter ions and it is possible to make a 3D network by using suitable ionic linkers.
